Cardiovascular diseases (CVD) and infectious diseases represent the two most important causes of death in patients with chronic kidney disease (CKD). The traditional risk factors of CVD do not appear to account sufficiently for the increased risk of CVD in patients with CKD, and vitamin D deficiency appears to be an important non-traditional, and potentially modifiable, CVD risk factor in this patient population. 25-Hydroxyvitamin D (25(OH)D) is converted to its biologically active form, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), by the enzyme 1 α-hydroxylase in the kidneys. The recent discovery that many extrarenal tissues also possess both the 1 α-hydroxylase enzyme and the vitamin D receptors has provided new insights into the important physiologic autocrine and paracrine roles of vitamin D in various tissues and organs that are mainly dependent on the availability of 25(OH)D from the circulating plasma. Accordingly, the present review focuses on the rapidly expanding body of clinical and experimental evidence that supports a strong association between 25(OH)D deficiency/insufficiency and the risk of adverse CVD outcomes and infectious diseases as well as on the non-calcemic autocrine and paracrine actions of vitamin D both in the general population and in patients with CKD. risk factors (2). Although patients with CKD have a high prevalence of traditional risk factors for CVD, the severity and extent of their CVD complications appear to be disproportionate to the risk factor profile(s) (3). Furthermore, pharmacological interventions aimed primarily at reducing traditional risk factors have significantly decreased the risk of CVD in the general population but do not appear to have a similar cardiovascular benefit in the CKD population (4). It is, therefore, imperative to identify other nontraditional and emerging CVD risk factors that may contribute to the increased risk of CVD in patients with CKD such as chronic inflammation, enhanced oxidative stress, insulin resistance, and abnormalities in mineral metabolism like vitamin D deficiency.
Introduction
Patients with chronic kidney disease (CKD) have a reduced life-span compared to the general population, and cardiovascular disease (CVD) accounts for the majority of deaths (1) . Rates of CVD morbidity and mortality increase when the estimated glomerular filtration rate (GFR) falls below 60 mL/min/1.73 m 2 and rise sharply when the GFR falls below 45 mL/min/1.73 m 2 (2) . Patients with stage 3 and 4 CKD have at least a 2-3-fold increased risk of future CVD events compared to the general population after adjusting for traditional CVD
Vitamin D as a hormone regulating calcium and bone metabolism
Dietary vitamin D is incorporated into chylomicrons and transported by the lymphatic system into the venous circulation (15, 18) . Vitamin D in the circulation is bound to the vitamin D-binding protein and transported to the liver, where it is converted by the 25hydroxylase enzyme to 25(OH)D (16) (17) (18) . This form of vitamin D is biologically inactive and must be converted, largely in the kidneys, by 1 α-hydroxylase to its active form 1,25(OH) 2 D (as schematically reported in Figure 1 ) (16) (17) (18) . Hence, the vitamin D hormonal system consists of multiple forms, ranging from cutaneous precursors or dietary components to the most active metabolite, 1,25(OH) 2 D, which acts upon the target organ receptors to maintain calcium homeostasis and bone health. The best indicator of the overall vitamin D storage or status is, however, the serum concentration of 25(OH) D, which is the precursor form of the biologically active vitamin D and is commonly measured in non-CKD individuals but is much less often measured in patients with CKD (16) (17) (18) (19) .
Renal 1 α-hydroxylase activity is tightly regulated, in keeping with the potent activity of its product on calcium homeostasis (16) (17) (18) . In fact, the renal production of 1,25(OH) 2 D is tightly regulated by serum calcium, phosphorus, parathyroid hormone (PTH), fibroblast growth factor-23, and other factors (16) (17) (18) . The 1,25(OH) 2 D enters the circulation and is transported to the small intestine where it enhances intestinal calcium absorption. The 1,25(OH) 2 D also interacts with its nuclear vitamin D receptor (VDR) on bone preosteoblasts, resulting in their transformation into mature osteoclasts. Mature osteoclasts release calcium and phosphorus from the bone, maintaining the appropriate levels of these two minerals in the plasma (16) (17) (18) . Thus, the endocrine effects of vitamin D appear to be strictly dependent on the renal production of 1,25(OH) 2 D. When the GFR falls to 30 mL/min/1.73 m 2 , the renal reserve of 1 α-hydroxylase becomes inadequate, resulting in reduced serum concentrations of 1,25(OH) 2 D (17) and, consequently, decreased serum calcium levels; secondary hyperparathyroidism ensues. The compensatory increase in serum levels of PTH maintains serum calcium by enhancing osteoclastic activity (18) . The deficiency of 1,25(OH) 2 D also reduces osteoblast function (18) . Hence, the deficiency of 1,25(OH) 2 D in combination with an enhanced PTH-driven osteoclastic activity results in the classic osteitis fibrosa cystica. Patients with advanced CKD often require the supplementation of 1,25(OH) 2 D or its analogs to maintain calcium homeostasis and suppress PTH levels in order to avoid bone disease (16, 17) . Given the increasing recognition that 25(OH)D can be also hydroxylated outside of the kidneys, including at the level of the parathyroid glands, several small reports suggest that native vitamin D 3 may be effective at suppressing serum PTH levels in patients with stage 3 CKD, although it appears to be only marginally effective in those with stage 4 CKD (20) (21) (22) . A post-hoc analysis of the vitamin D, Calcium, Lyon Study II (DECALYOS II) examined the effect of a 2-year treatment with 800 IU cholecalciferol plus 1,200 mg calcium daily versus placebo in 610 elderly institutionalized women, of whom 322 (52.7%) had an eGFR of less than 60 mL/min/1.73 m 2 (22) . The proportion of women with ≥30% reduction in serum PTH levels at the end of the study was ~50% in the active treatment group versus ~6% for the placebo group (P < 0.001). The effect of the intervention on serum intact PTH levels did not significantly differ according to base-line estimated GFR of participants. Moreover, no significant changes in serum calcium levels were observed among patients on treatment during the 2 years of the study follow-up (22) . Thus, the use of active vitamin D analogs appears to be important in replacing the endocrine effects of vitamin D, but it does not appear to address adequately the paracrine and autocrine effects of vitamin D, which will be discussed below.
Prevalence of vitamin D deficiency in patients with chronic kidney disease
At present, there is no consensus about what represents vitamin D deficiency. Most of the considerations for defining the presence of vitamin D deficiency both in the general population and in patients with CKD are based mainly on the effects of vitamin D on calcium homeostasis and bone health. Although there is no consensus on the optimal levels of 25(OH)D, vitamin D deficiency has been defined by most experts as a serum 25(OH) D level of less than 20 ng/mL (<50 nmol/L) for the general population (16) . Serum 25(OH)D level is inversely associated with serum PTH level both in patients with CKD (23) and in those without this disease (24) (25) (26) , until serum 25(OH)D level increases to 30-40 ng/mL (75-100 nmol/L), at which point PTH level plateaus at its nadir (26) . Furthermore, the intestinal calcium transport increases by 45%-65% in women when serum 25(OH)D levels are increased from 20 to 32 ng/mL (50-80 nmol/L) (27) . Such data provide the basis for defining a relative insufficiency of vitamin D for bone health as serum 25(OH)D levels of 21-29 ng/mL (52-72 nmol/L) in the general adult population (16, 27) .
A series of investigations have estimated the prevalence and magnitude of 25(OH)D deficiency in the non-dialysis CKD population (28) (29) (30) . In a cross-sectional study, Levin et al. reported no significant differences in the mean serum 25(OH)D levels across deciles of estimated GFR >30 mL/min/1.73 m 2 (28) . The prevalence of 25(OH)D deficiency (defined as a serum 25(OH)D level of less than 15 ng/mL) also remained relatively stable until the GFR fell below 30 mL/min/1.73 m 2 (28) . In another cross-sectional study, among 14,679 US adult participants in the Third National Health and Nutrition Examination Survey (NHANES III), the adjusted mean serum 25(OH)D level was lower in patients with estimated GFR <30 mL/min/1.73 m 2 compared to those with normal kidney function (24.6 versus 29.3 ng/mL; P < 0.001) (29) . A cross-sectional study by LaClair et al. (30) measured serum 25(OH)D levels in approximately 200 patients with a mean estimated GFR of 27 ± 11 mL/min/1.73 m 2 (GFR range 6-69 mL/min/1.73 m 2 ). The overall mean serum levels of 25(OH)D were 19 ± 14 ng/mL. Only 29% of the 65 patients with stage 3 CKD and only 17% of the 113 patients with stage 4 CKD had a serum 25(OH)D level above 30 ng/mL. Furthermore, 14% of patients with stage 3 CKD and 26% of those with stage 4 CKD had a severely decreased 25(OH)D level (i.e. <10 ng/mL) (30) . These findings were essentially comparable with those reported by Gonzalez et al. who found that, in 43 patients with CKD (estimated GFR range 10-111 mL/min/1.73 m 2 ) and 103 chronic dialysis patients, only 14% and 3% of them, respectively, had a serum 25(OH)D level of 30 ng/mL or greater (23) . Collectively, these data indicate that vitamin D deficiency/insufficiency is an extremely frequent condition in patients with CKD, especially in those with an estimated GFR of less than 30 mL/min/1.73 m 2 .
The strongest evidence, to date, on the magnitude of vitamin D deficiency in chronic dialysis patients comes from a recent report by Wolf and colleagues (8) . In that study, the investigators have estimated the prevalence of both 25(OH)D and 1,25(OH) 2 D deficiency in a large cross-sectional data set of United States patients with CKD at the initiation of hemodialysis. The study sample included 825 US consecutive patients from 569 dialysis centers in 37 states. The overall mean serum levels of 25(OH)D were 21 ± 13 ng/mL. Only 22% of these chronic dialysis patients had a serum 25(OH)D level above 30 ng/mL, whereas 60% of them had levels of 10-30 ng/mL, and the remaining 18% were severely vitamin Ddeficient (i.e. 25(OH)D < 10 ng/mL). Compared to men, women were more likely to be severely 25(OH)D-deficient (23% versus 15%; P < 0.01). There were significant variations in serum 25(OH)D levels between races (24 ± 14 ng/mL in Caucasians versus 17 ± 10 ng/mL in African-Americans; P < 0.01). Furthermore, chronic dialysis patients who had diabetes were also more likely to be severely 25(OH)D-deficient compared to their counterparts who did not have diabetes. In the same study, the mean serum level of 1,25(OH) 2 D was 11 ± 10 pg/mL (8) compared to a median of 44 pg/mL in subjects with estimated GFR > 80 mL/min/1.73 m 2 as reported in earlier studies (28) . In contrast to 25(OH)D levels, serum 1,25(OH) 2 D levels did not significantly differ between men and women, between Caucasians and African-American individuals, or between patients with and without diabetes. Both serum 25(OH)D and 1,25(OH) 2 D levels were greater among patients who initiated hemodialysis during summer months compared to those who initiated hemodialysis during winter months (25(OH)D: 25 ± 14 versus 19 ± 11 ng/mL; P < 0.01; 1,25(OH) 2 D: 13 ± 11 versus 10 ± 9 pg/mL; P < 0.01) (8) . Thus, it is conceivable that a part of the variability in serum 25(OH)D levels reported in the literature could be likely due to differences in gender distribution, age, and race/ethnicity among the different study populations as well as to differences in the season of the year that might affect the sunlight exposure.
Overall, the published data support the two following notions: 1) in the general population (as specified in Table I) (16, 27) , and 2) patients with estimated GFR < 30 mL/min/1.73 m 2 are more likely to have vitamin D deficiency compared to subjects with no documented kidney disease (16, 17, 28, 29) . Moreover, patients with advanced CKD are even prone to have a severe vitamin D deficiency, defined as a serum 25(OH)D level less than 10 ng/mL (<25 nmol/L) (30) .
Several plausible mechanisms have been proposed to explain the 25(OH)D deficiency in the CKD population (16, 17) . Among these, we can remember that: 1) the ingestion of foods rich in vitamin D (e.g. fish, cream, milk, and butter) by patients with CKD is relatively low, because the progression of kidney disease is associated with a spontaneous decrease in dietary intake in general, and phosphorus-restricted diets are often imposed; 2) many CKD patients have limited outdoor physical activities with a reduced exposure to sunlight, and the endogenous synthesis of vitamin D 3 in the skin, following exposure to sunlight, is reduced in patients with CKD; 3) the main cause of CKD worldwide is diabetes which, in many cases, is associated with nephrotic-range proteinuria. Therefore, lower values of 25(OHD in patients with diabetic nephropathy is likely, as greater urinary levels of vitamin D metabolites have been found in patients with overt proteinuria (31); and 4) a loss of vitamin D 2 or D 3 through the dialysis membranes has been reported in uremic patients receiving chronic dialysis (32) .
Vitamin D on bone health
The beneficial effects of 25(OH)D levels on bone health have been largely attributed to the endocrine actions of its active metabolite, 1,25(OH) 2 D, on the intestine, parathyroid glands, and bone (16, 33, 34) . The 25(OH)D, however, appears to exert beneficial effects on the bone that are independent of circulating levels of 1,25(OH) 2 D. Consistent with this hypothesis is the observation of Van Driel et al., who showed that 1 α-hydroxylase was also expressed in human osteoblasts. After incubation with the substrate 25(OH)D, the osteoblasts produced sufficient 1,25(OH) 2 D to modulate their own osteoblastic activity, resulting in bone mineralization (35) . Of note, osteomalacia is a generalized bone disorder typically characterized by an impairment of mineralization, leading to accumulation of unmineralized matrix or osteoid in the skeleton, of which the most common cause is vitamin D deficiency. In addition, Ritter et al. demonstrated that 25(OH)D suppressed PTH synthesis in primary cultures of bovine parathyroid cells by converting 25(OH)D to other 1-hydroxylated metabolites without requiring the conversion to 1,25(OH) 2 D (36). Hence, these autocrine/ paracrine actions implicate a potential role of 25(OH)D in the regulation of both calcium and PTH metabolism, independent of the hormonal effects of 1,25(OH) 2 D that is synthesized by the kidneys.
Non-calcemic autocrine and paracrine actions of vitamin D
The adverse consequences of vitamin D deficiency on bone health represent only the 'tip of the iceberg'. The discovery that most tissues in the body possess the VDRs has provided new patho-physiological insights into the broad functions of vitamin D and the non-skeletal consequences of its deficiency (16, 17) .
The VDRs are ubiquitously distributed in the heart, vasculature, brain, skeletal muscle, pancreas, and immune cells, such as T and B lymphocytes and monocytes (37, 38) . Although 25(OH)D has a relatively low affinity for the VDR (36), many cells including vascular smooth muscle cells and endothelial cells also express 1 α-hydroxylase that converts 25(OH)D to the active form 1,25(OH) 2 D locally (37, 38) .
The ability to generate 1,25(OH) 2 D in various cell types is dependent upon the availability of the precursor molecule 25(OH)D derived from the circulating plasma and the availability of the converting enzyme 1 α-hydroxylase. In cultured vascular smooth muscle cells, the production of 1,25(OH) 2 D increased in a dose-dependent manner with increasing availability of 25(OH)D, reaching a plateau at a substrate concentration of 200 ng/mL (500 nmol/L), with a K m of 25 ng/mL (50 nmol/L) (39) . A serum 25(OH)D concentration of 30 ng/mL (75 nmol/L) or greater appears to provide adequate substrate for the 1,25(OH) 2 D production in various extrarenal tissues (16) (17) (18) 33, 34, (38) (39) (40) . The extrarenally produced 1,25(OH) 2 D primarily serves autocrine or paracrine cell-specific functions, instead of endocrine functions. Thus, contrary to the kidney, the extrarenal production of 1,25(OH) 2 D does not contribute to the circulating pool of 1,25(OH) 2 D (18). The regulation of 1 αhydroxylase at these extrarenal sites is quite different from that of the renal enzyme. In keeping with its autocrine and paracrine functions, the rates of 1,25(OH) 2 D synthesis and degradation in these tissues are under the control of several local factors, such as cytokines and growth factors that may optimize the intracellular 1,25(OH) 2 D levels for cell-specific actions (18) .
Locally synthesized 1,25(OH) 2 D in these tissues binds to the nuclear VDR in an autocrine/ paracrine manner (18) . The binding of 1,25(OH) 2 D to its nuclear receptor has been found to 1) suppress the renin-angiotensin-aldosterone system (41, 42) ; 2) promote or prevent apoptosis as required for the tissue development (16, 18) ; and 3) modulate the inflammatory response and the immunogenic state of monocyte-macrophages, antigen-presenting cells, dendritic cells, and lymphocytes, which are critical determinants of the susceptibility to infections and autoimmune diseases (16) (17) (18) 43, 44) . The ubiquitous availability of both 1 αhydroxylase and VDRs, in addition to the wide scopes of the 25(OH)D effects on extrarenal tissues, supports the possibility that the autocrine/paracrine vitamin D system is primarily designed to fulfill the immediate local needs by a complex and co-ordinated local regulation (16) (17) (18) , thus circumventing the dependence on the circulating 1,25(OH) 2 D pool, which is tightly regulated by systemic calcium homeostatic factors. It is important to note that chronic dialysis patients receiving an active vitamin D analog, such as 1,25(OH) 2 D, for the management of secondary hyperparathyroidism and/or renal osteodystrophy may still be deficient in serum 25(OH)D levels (16, 17) . Given the important physiologic autocrine/ paracrine roles of vitamin D in multiple tissues and organs (45) , it is likely that 25(OH)D deficiency would lead to various systemic disorders in patients with CKD. The following discussion will focus on the putative adverse effects of 25(OH)D deficiency on CVD outcomes and infectious diseases. A schema that summarizes the proposed sequence of events in the pathogenesis of CVD and infectious diseases secondary to 25(OH)D deficiency is presented in Figure 2 .
Vitamin D and adverse cardiovascular outcomes
In 1997, Rostand reported that people living at higher latitudes throughout the world were at higher risk of developing hypertension (46) . He further hypothesized that this phenomenon might have been due to vitamin D deficiency secondary to decreased sun exposure. This hypothesis was confirmed in a randomized study of ultraviolet (UV) B light exposure in hypertensive patients. In this study participants were randomized to whole-body UV-A (wavelengths of 315-400 nm) or UV-B radiation (3 times/week) for 6 weeks at the end of the winter season. Plasma levels of 25(OH)D increased by 162% and plasma PTH decreased by 15% during UV-B therapy, and UV-B had a beneficial effect on systolic and diastolic blood pressure (−6 and−8 mmHg, respectively; P < 0.001) (47) . (45) . Additionally, we found that lower serum 25(OH)D levels were independently associated with increased carotid artery intimal-medial thickness (48) and that type 2 diabetic individuals with clinically manifest CVD had remarkably lower serum 25(OH)D concentrations than their vitamin D-sufficient diabetic counterparts without CVD (49) . Serum 25(OH)D levels less than 20 ng/mL (<50 nmol/L) have been also associated with decreased pancreatic beta cell function, while insulin sensitivity was ~60% higher in individuals with serum 25(OH)D levels of 30 ng/mL (75 nmol/L) or greater compared to those with 25(OH)D levels less than 10 ng/mL (<25 nmol/L) (50) . Similarly, in patients with CKD not requiring dialysis, both decreased kidney function and low serum 25(OH)D levels have been independently associated with insulin resistance (29) . In addition, the finding of 1 α-hydroxylase activity in the pancreatic beta cells raises the possibility of an autocrine control of insulin secretion by 1,25(OH) 2 D (51). Through a VDR-mediated modulation of calbindin expression, 1,25(OH) 2 D appears to control the calcium influx in the beta islet cells of the pancreas, which in turn enhances insulin release (51) . Thus, these data suggest a potential role for increased serum 25(OH)D levels in the promotion of insulin sensitivity and the prevention of diabetes mellitus. Insulin resistance has been also associated with increased CVD mortality in chronic dialysis patients (52) .
More recently, Martins et al. demonstrated a significant association between low serum 25(OH)D levels and various CVD risk factors, including hypertension and diabetes, in a nationally representative sample of US adults
Other observations that may have clinical implications in terms of CVD risk assessment in patients with CKD include the strong association between low vitamin D status and abnormalities of the renin-angiotensin-aldosterone system (RAAS). The RAAS plays a key role in the regulation of blood pressure, electrolytes, volume homeostasis, endothelial function, vascular remodeling, and fibrogenesis (53, 54) . The 1,25(OH) 2 D acts as a negative endocrine regulator of the RAAS (42) . In VDR-null mice, there were marked increases in the intrarenal messenger RNA levels of renin and in the plasma angiotensin II concentrations, associated with hypertension and cardiac hypertrophy. Corroborative studies in wildtype mice demonstrated that the inhibition of 1,25(OH) 2 D synthesis increased the renin expression by the kidneys (41) . Moreover, several epidemiologic studies further suggested a strong association between inadequate sunlight exposure and high plasma renin activity (47, 54) .
Not only is vitamin D insufficiency/deficiency associated with various CVD risk factors in the US adult population (46) , but it has also been associated with an increased risk of incident CVD events in other large population-based cohort studies. Indeed, the number of clinical studies has steadily grown in recent years, with the largest number comprising observational studies showing a significant and independent association between low 25(OH)D levels and a variety of adverse CVD outcomes, including CVD events, CVD mortality, and cerebrovascular mortality (5, 6, (55) (56) (57) (58) (59) (60) . For instance, Ginde et al. studied approximately 3,500 older US individuals enrolled in the NHANES III and found that those with vitamin D deficiency had 1.8-fold and 2.4-fold excess all-cause and CVD mortality, respectively, in multivariable-adjusted analyses (60) .
A few small, randomized, controlled studies have been published, but these have been largely inconclusive (61) . Thus, although low vitamin D status seems to be associated with an increased risk of incident CVD, it remains uncertain whether vitamin D supplementation may positively affect clinical CVD outcomes.
Low serum 25(OH)D levels may also be a contributing factor in the pathogenesis of congestive heart failure, as low circulating levels of 25(OH)D have been demonstrated in patients with this disease (53) . The exact mechanisms by which 25(OH)D may protect against the development of congestive heart failure and CVD have not been fully delineated. It is, however, known that 1,25(OH) 2 D is one of the most potent hormones for down-regulating renin expression in the kidneys (41) . In addition to increasing blood pressure, the RAAS plays important pathogenic roles in various types of CVD (54) . The RAAS directly contributes to coronary ischemic events through atherosclerosis, altered post-infarct remodeling, and reduced fibrinolysis. Conversely, the inhibition of the RAAS may exert anti-atherosclerotic effects both in animal and in human studies (54, 62) . Furthermore, vascular smooth muscle cells express VDRs and relax in the presence of 1,25(OH) 2 D (39). London et al. (63) examined the cross-sectional relationship of arterial alterations with circulating levels of 25(OH)D and 1,25(OH) 2 D in chronic dialysis patients. Multivariate regression analysis revealed that serum levels of 25(OH)D and 1,25(OH) 2 D were positively associated with brachial artery distensibility and negatively associated with aortic pulse wave velocity after adjusting for several potential confounders. These results suggest that vitamin D deficiency may be associated with atherosclerosis and endothelial dysfunction in chronic dialysis patients (63) .
Data on the relationship between vitamin D status and the risk of incident CVD events in patients with advanced CKD are scant. In a retrospective study by Teng et al. (64) , chronic dialysis patients who received the 1,25(OH) 2 D analog paracalcitol were less likely to die from CVD causes after 2 years of follow-up than those who did not receive paracalcitol. This observation further supports the importance of vitamin D for cardiovascular health. In the same study, the 2-year all-cause mortality rates were 13.8/100 patient-years among patients who received paracalcitol compared to 28.6/100 patient-years among those who did not (P < 0.001). After adjusting for potential confounding factors, the 2-year survival advantage among chronic dialysis patients who received paracalcitol was still 20% lower (hazard ratio for all-cause mortality 0.80; 95% confidence interval 0.76-0.83) (64) . Recently, lower serum levels of 25(OH)D in incident chronic dialysis patients were also shown to be associated with an increased risk of all-cause and CVD mortality during a shortterm follow-up of 3 months (8) . Collectively, these data suggest a potential cardioprotective effect of vitamin D supplementation in patients with advanced CKD. However, no randomized controlled clinical trials have been performed to determine the cardiovascular or survival benefits of treating vitamin D-deficient CKD patients with 25(OH)D, activated vitamin D, or both. More clarity on the potential benefit of vitamin D replacement on CVD outcomes will hopefully come from the recently initiated Vitamin D and Omega-3 Trial (VITAL), a 2 × 2 factorial study of vitamin D and fish oil that is funded by the National Institutes of Health (www.vitalstudy.org; accessed on 1 May 2010). In this study, 20,000 older US men and women will be randomized to daily dietary supplements of vitamin D (about 2,000 IU) or placebo and followed-up for the occurrence of CVD events and other pathologic conditions, including hypertension.
Vitamin D and infectious diseases
In the present review, we postulated that 25(OH)D deficiency also predisposes to infectious diseases through the impairment of the autocrine and paracrine vitamin D system. Recent insights into the functions of 1,25(OH) 2 D as an immunomodulator have illuminated a large body of previously unexplained associations between alterations in vitamin D and infections (65, 66) . For instance, low serum 25(OH)D concentrations have been associated with an increased susceptibility to mycobacterial infections (67, 68) , and recurrent infections are commonly seen among vitamin D-deficient rickets (16) (17) (18) . In addition, subtle changes in the VDR function, as the result of the expression of certain VDR alleles, can affect the susceptibility or resistance to mycobacterial or viral infections in humans (18) . The molecular basis for the association between vitamin D deficiency and impaired innate immunity is discussed as follows.
An essential element of the innate immune response is the capacity of the body to recognize microbial invasion and stimulate the production of a family of proteins called antimicrobial peptides (AMPs) that kill bacteria, viruses, fungi, protozoa, and other microbes (67) (68) (69) (70) . In humans, AMPs are synthesized and secreted in large amounts in tissues that are usually exposed to environmental microbes, such as the skin and mucosal epithelia, in order to elicit an early defense against infections (67) (68) (69) (70) . Some AMPs are expressed constitutively, while others are expressed only in response to stimuli such as tissue injury or microbial components (68, 69) . One of the major AMP families in mammals is a group of molecules, classified as cathelicidin peptides (67, 69) , which are products of the vitamin D autocrine system. Thus, when macrophages, lymphocytes, or monocytes are stimulated through the mammalian toll-like receptors (TLR) by various infectious agents, the expression of 1 αhydroxylase and VDRs are both up-regulated (18, 67) . As discussed above, a sufficient substrate concentration, however, is required for the conversion of 25(OH)D to its biologically active form 1,25(OH) 2 D. Once formed, 1,25(OH) 2 D is translocated into the nucleus, where it binds to its nuclear receptor and then induces the transcription and production of cathelicidin peptides (66, 67) . The human cathelicidin peptides are chemotactants for neutrophils, monocytes, mast cells, and T cells (68, 69) .
The importance of the vitamin D autocrine system in 'host' defense can be illustrated by the clinical study of Liu and colleagues on cathelicidin (68) . These investigators observed that serum 25(OH)D levels in African-Americans were significantly lower than those in Caucasian individuals. Accordingly, the TLR 2/1 activation and subsequent cathelicidin expression in macrophages were lower in the presence of serum obtained from African-Americans than that obtained from Caucasians. Strikingly, in-vitro supplementation of the African-American serum with 25(OH)D to a physiologic range restored the TLR 2/1 induction of cathelicidin expression in macrophages (68) .
Besides the enhancement of cathelicidin production, there are a number of other potential mechanisms by which the autocrine/paracrine vitamin D system can regulate the innate immunity. The VDRs are constitutively expressed in monocyte-macrophages as well as B and T lymphocytes (71) . Interactions between the locally produced 1,25(OH) 2 D and VDRs in these immune cells may produce pro-differentiating effects on both monocytemacrophages and lymphocytes (71) . In addition, high local levels of macrophage-derived 1,25(OH) 2 D induce Th2 helper T lymphocyte-mediated responses to cutaneous antigens, which are integral components of the defense mechanisms against the colonization of infectious agents (44, 73) . Collectively, these data support a critical role for the autocrine/ paracrine vitamin D system in the systemic immune modulation. Defects in this system as a result of vitamin D deficiency are thus expected to lead to an impaired innate immunity and increased risk of infections.
Summary
Low serum levels of 25(OH)D have been associated with important co-morbid conditions like infectious diseases and CVD as well as death both in the general population and in patients with CKD.
The association between low serum levels of 25(OH)D and adverse CVD outcomes appears to be independent of traditional CVD risk factors and other co-morbidities and is supported by biologic plausibility from various experimental studies both in animals and humans. Several plausible mechanisms explain how vitamin D may modify risk for CVD outcomes. Vitamin D regulates the RAAS, suppresses proliferation of vascular cell smooth muscle, improves insulin resistance and endothelial cell-dependent vasodilation, inhibits anticoagulant activity and myocardial cell hypertrophy, and modulates macrophage activity and cytokine generation.
Vitamin D deficiency/insufficiency is easy to screen for and easy to treat with supplementation. Vitamin D deficiency/insufficiency is an extremely common condition in the CKD population. In patients with any stage of CKD, serum 25(OH)D levels should be measured annually. Given the lack of large randomized clinical trials in patients with CKD, however, the current recommendations are to attempt to maintain serum 25(OH)D concentrations above the sufficient level of 30 ng/mL (75 nmol/L). Hence, due to the high and growing prevalence of mild-to-moderate CKD worldwide, the escalating rates of associated CVD morbidity and mortality, and the resulting high costs of the treatment, placebo-controlled randomized clinical trials are urgently needed to determine whether vitamin D supplementation could have any potential benefit in reducing future CVD events and mortality risk in people with CKD. 
Key messages
• Vitamin D deficiency and insufficiency are very common in people with chronic kidney disease (CKD).
• Low serum levels of 25-hydroxy vitamin D have been associated with important co-morbidities like infectious diseases and cardiovascular disease as well as death both in the general population and in patients with CKD.
• Large placebo-controlled randomized clinical trials are urgently needed to determine whether vitamin D supplementation could have any potential benefit in reducing future cardiovascular events and mortality risk in people with CKD. Vitamin D metabolism. Sequence of events in the pathogenesis of cardiovascular disease and infectious diseases secondary to vitamin D deficiency. 
